Herpes simplex virus 1 (HSV-1) capsids leave the nucleus by a process of envelopment and de-envelopment at the nuclear envelope (NE) that is accompanied by structural alterations of the NE. As capsids translocate across the NE, transient primary enveloped virions form in the perinuclear space. Here, we provide evidence that torsinA (TA), a ubiquitously expressed ATPase, has a role in HSV-1 nuclear egress. TA resides within the lumen of the endoplasmic reticulum (ER)/NE and functions in maintaining normal NE architecture. We show that perturbation of TA normal function by overexpressing torsinA wild type ( Following capsid assembly and DNA packaging, herpesvirus DNA-containing capsids in the nucleus translocate through the nuclear envelope (NE) into the cytoplasm by envelopment at the inner nuclear membrane (INM), followed rapidly by deenvelopment at the outer nuclear membrane (ONM). Between envelopment and de-envelopment, enveloped capsids called primary virions reside briefly in the perinuclear space that is contiguous with the lumen of the endoplasmic reticulum (ER) (reviewed in reference 34).
Following capsid assembly and DNA packaging, herpesvirus DNA-containing capsids in the nucleus translocate through the nuclear envelope (NE) into the cytoplasm by envelopment at the inner nuclear membrane (INM), followed rapidly by deenvelopment at the outer nuclear membrane (ONM). Between envelopment and de-envelopment, enveloped capsids called primary virions reside briefly in the perinuclear space that is contiguous with the lumen of the endoplasmic reticulum (ER) (reviewed in reference 34).
Nuclear envelopment requires expression of the viral pUL31 and pUL34 (7, 14, 27, 44, 48) . These proteins form a complex that is targeted to the NE and anchored in the membrane by the transmembrane domain of pUL34 (44, 45, 64, 65) . The pUL34/ pUL31 complex coordinates multiple events in nuclear egress, including disruption of the nuclear lamina, selection of DNAcontaining capsids for envelopment, budding of capsids into the INM, and de-envelopment and release of capsids at the ONM (2, 30, 38, 43, 46, 53) . pUL31 and pUL34 are incorporated into the perinuclear virion and are ordinarily lost from the egressing capsid upon de-envelopment at the ONM (14, 27, 31, 42, 45) . Thus, they are not associated with cytoplasmic egress intermediates or with the mature virion that is released from the cell.
De-envelopment may be inhibited and/or delayed by mutations in several herpes simplex virus (HSV) gene products. Mutations that eliminate either the expression or kinase activity of pUS3 result in accumulation of primary virions in the perinuclear space. During infection with these mutants, the perinuclear space expands by bulging into the nucleoplasm, perhaps because the exaggerated disruption of the nuclear lamina associated with loss of pUS3 function makes this the path of least resistance (2, 28, 36-38, 45, 49) . A de-envelopment defect is also observed in cells infected with recombinant mutants of HSV-1 that fail to express both of the envelope glycoproteins gB and gH (13) .
Infection with HSV-1 alters the morphology and structure of the NE. The nucleus expands and changes shape. In addition, redistribution of nuclear lamina proteins is observed, most likely due to phosphorylation-mediated loss of protein-protein interactions (2, 30, 35, 36, 43, 49, 50, 53, 54) . In addition to these changes, formation of perinuclear primary virions is likely to be accompanied by alteration of interactions that maintain spacing between the INM and ONM.
The product of the DYT1 (TOR1A) gene, torsinA (TA), is important for maintaining NE architecture and possibly spacing of the nuclear membranes. TA is an essential protein in mice and is one of four members of the torsin protein family in mammals, which is part of the large and diverse AAA ϩ (ATPases associated with diverse cellular activities) superfamily of ATPases (41, 62) . Biochemical and localization studies showed that TA is a fully translocated glycoprotein, predominantly found in the ER lumen and the NE (5, 15) . Mutation in the DYT1 gene that leads to a loss of a single glutamic acid residue, Glu 302 or Glu 303 , near the C terminus of TA is associated with dominantly inherited early-onset torsion dystonia (21, 62) . This movement disorder, characterized by involuntary sustained muscle contraction causing twisting movements and abnormal posture, is believed to be a nuclear envelopathy whose pathogenesis is correlated with defects in TA function specifically in neurons (19, 63) .
The biological significance of TA is largely unknown. Several functions, including a role as a molecular chaperone and a homeostatic regulator of an induced ER stress response, have been suggested for TA but are not well understood (3, 4, 8, 24, 33) . In addition, neurons from mouse DYT1 dystonia models showed disruption of the perinuclear space, thus pointing to NE as an important site of TA action. Neuronal cells from DYT1 knockout and dystonia mutant TA (TAmut) knock-in mice showed enlarged perinuclear space associated with blebbing of the INM (19, 26) . A similar function in maintaining nuclear architecture was also shown for torsinB (TB), which is 65% identical to TA, but not for two other, less closely related torsin family members (21, 26) . Interestingly, disruption of the NE was also observed when cells expressed abnormally high levels of torsins (22, 26, 39) . In neurons overexpressing wildtype TA (TAwt), perinuclear blebs formed that appeared indistinguishable from the blebs seen in neurons from TA knockout mice. A similar phenotype at the NE was also observed when TB was overexpressed (26) . These data strongly suggest that overexpression of TAwt or TB interferes with their normal function in maintaining normal NE architecture.
The critical role played by torsin family members in maintenance of proper NE functions suggests that these proteins may play an important role in nuclear egress of herpesviruses. The perturbation of TA normal function at the NE by overexpression provides a powerful tool for testing the significance of normal TA function in HSV infection in a variety of cell types. Here, we demonstrate (i) that TAwt overexpression impairs HSV-1 production without affecting accumulation of virus proteins or capsid assembly, (ii) that TAwt overexpression leads to formation of novel structures called virus-like vesicles (VLVs), which are primary virions that accumulate inside cytoplasmic membranes, presumably the ER, and (iii) that TA colocalizes with cytoplasmic primary virions.
MATERIALS AND METHODS
Cells, viruses, and chemicals. PC6-3 cells that stably express torsinA wild type (PC6-3TAwt) or dystonia mutant torsinA (PC6-3TAmut) were described previously (17) . Cells were grown on rat collagen (BD Biosciences)-coated dishes in RPMI 1640 medium supplemented with 10% equine serum, 5% fetal bovine serum (FBS), 100 g/ml hygromycin, 100 U/ml penicillin, and 100 g/ml streptomycin (Pen-Strep). For TA induction, 1.5 g/ml doxycycline (DOX) (Sigma) was added to the growth medium. Vero cells were maintained as described previously (48) . Human embryonic kidney (HEK) 293T cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and Pen-Strep. The properties of wild-type HSV-1 strain F [HSV-1(F)] and HSV-1(F) bacterial artificial chromosome (BAC) genomes carrying a UL34 deletion (UL34-null) were described previously (46, 56) . A BAC expressing a monomeric red fluorescent protein (mRFP) fused to VP26 (rHSVBAC35R) was kindly provided by Cornel Fraefel (University of Zurich, Switzerland) (11) . The VP5-null virus was a generous gift of Prashant Desai (12) and was propagated on VP5-expressing Vero cells.
Plasmids. The enhanced green fluorescent protein (EGFP) expression vector (pEGFP-C1) was obtained from Clontech. GFP-tagged wild-type TA (GFPTAwt) and wild-type torsinB (GFP-TB) constructs were generously provided by Phyllis Hanson, Washington University School of Medicine, St. Louis, MO (39) . Red fluorescent protein with an ER retention signal (RFP-KDEL) was a kind gift of Thomas Rutkowski, University of Iowa.
Viral growth assay. For single-step growth analysis, PC6-3 cells were seeded in 12-well plates coated with rat collagen and were mock or DOX treated for 14 h. After the TA induction, cells were infected with HSV-1(F) at a multiplicity of infection (MOI) of 5, and residual virus was removed or inactivated with a low-pH buffer wash at 1 h postinfection (hpi). Cultures were maintained in normal rat growth medium with or without DOX. At various time points, the cultures were frozen and thawed to lyse the cells and briefly sonicated, and titers of infectious virus were determined by plaque assay on Vero cells as described previously (48) . Statistical significance was determined using a two-tailed, unpaired (two-sample) Student's t test.
TEM. Confluent T-25 flasks of PC6-3TAwt or PC6-3TAmut cells were mock or DOX treated for 16 h. After the treatment, cells were infected with mock, HSV-1(F), or VP5-null virus at an MOI of 10. At 20 hpi cells were fixed, processed, and analyzed using a JEOL 1230 transmission electron microscope (TEM) as described previously (46) .
Cryo-ultramicrotomy and immunolabeling. Confluent T-25 flasks of mock-or DOX-treated PC6-3TAwt cells were infected with HSV-1(F) at an MOI of 10 for 20 h. For cryo-ultramicrotomy, cells were fixed in 4% paraformaldehyde plus 0.2% glutaraldehyde in phosphate-buffered saline (PBS), scraped from the flask, and then embedded in 10% gelatin. After the gelatin had solidified, small blocks were cut and infused with 2.3 M sucrose in PBS. The samples were then frozen in liquid nitrogen and ultrathin (60 nm) cryosections were prepared (Leica EM UC6 ultramicrotome; Bannockburn, IL) and deposited onto a 300-mesh Ni grid coated with Formvar plus carbon. For pUL34 detection, cryosections were incubated with chicken polyclonal antibody anti-pUL34 overnight at 4°C, followed by a 30-min room temperature incubation with 6-nm gold-conjugated goat antichicken IgG (Electron Microscopy Sciences/Aurion, Hatfield, PA). Antibodies were diluted in 0.1% BSA-c (where BSA is bovine serum albumin; Electron Microscopy Sciences/Aurion, Hatfield, PA) in PBS, and the same buffer was also used for washing steps. After labeling, grids were poststained with a mixture of 2% methylcellulose and 0.3% uranyl acetate and analyzed with a JEOL 1230 TEM.
Western blot analysis. To determine the accumulation of TA and virus proteins, PC6-3 cells were induced with mock treatment or DOX for 14 h and then infected with HSV-1(F) at an MOI of 5. At 12 hpi cultures were scraped, washed one time with PBS, and pelleted at low speed. Cells were then lysed in 1ϫ SDS sample buffer (39001; Thermo Scientific) with added ␤-mercaptoethanol (Sigma) and boiled for 10 min. Cell lysates were briefly sonicated, and total protein concentration was determined using a Bio-Rad detergent-compatible (DC) protein assay (Bio-Rad Laboratories). Equal amounts of protein were loaded on SDS-PAGE gels, electrically transferred to a nitrocellulose sheet, and probed with the following antibodies and dilutions: rabbit polyclonal anti-human TA (1:1,000) (17), mouse monoclonal anti-VP5/H1.4 (1:1,000) (Meridian, Life Science), mouse monoclonal anti-pUS11 (1:1,000) (47), chicken polyclonal antibody anti-pUL34 (1:1,000) (44), mouse monoclonal anti-gC (1:1,000) (H1A022; Virusys), mouse monoclonal anti-gD/DL6 (1:5,000), mouse anti-gB/SS55 (1:500), mouse anti-gH/H12 (1:500), and mouse gL/L4 (1:500). Antibodies DL6, SS55, H12, and L4 were kindly provided by Gary H. Cohen and Roselyn J. Eisenberg (University of Pennsylvania). Secondary alkaline phosphatase-conjugated antirabbit (A3562; Sigma), anti-mouse (A3562; Sigma), and anti-chicken (AP1001; Aves Lab) antibodies were incubated with the appropriate blot for 30 min.
Indirect IF. For localization studies PC6-3 cell lines were mock or DOX induced for 14 h and then infected with HSV at an MOI of 5. At 16 hpi cells were fixed with 4% formaldehyde in PBS for 10 min, washed once with PBS, and then permeabilized and blocked in the same step by incubation overnight at 4°C in IF buffer (0.5% Triton X-100, 0.5% sodium deoxycholate, 1% bovine serum albumin, 0.05% sodium azide in PBS). The immunofluorescence (IF) buffer was supplemented with 5% goat serum (Sigma) or 10% pooled human gamma globulin (Gammar; Armour Pharmaceutical) when rabbit polyclonal anti-TA antibodies were used. Primary antibodies were diluted in IF buffer as follows: rabbit polyclonal anti-human torsinA (1:800), chicken polyclonal anti-pUL34 (1:1000), and mouse monoclonal anti-LAP2 (1:200) (61100; BD Transduction Laboratories). Secondary antibodies (Invitrogen) were diluted 1:1,000 in IF buffer as follows: Alexa Fluor donkey anti-rabbit IgG, Alexa Fluor goat antichicken IgG, and Alexa Fluor goat anti-mouse. A SlowFade antifade kit (Invitrogen) was used to mount coverslips on glass slides. All confocal microscopy work was done with a Zeiss 510 confocal microscope.
HSV-1 growth in HEK 293T cells overexpressing torsins. For HSV-1 growth analysis in HEK 293T cells overexpressing torsins, cells were seeded in a 12-well plate coated with poly-L-lysine (Sigma) and transfected with GFP and GFPtagged torsin constructs using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Transfection efficiency was measured by determining GFP-expressing cells via flow cytometry (BD FACSCalibur) 24 h later. Acquired data were analyzed using WinMDI, version 2.8 (Joe Trotter). In only the experiments where all the constructs transfected at least 90% of the cells, cultures were then infected with HSV-1(F) at an MOI of 5, and residual virus was removed or inactivated with a low-pH buffer wash 1 h later. Virus titers were determined at 16 hpi by plaque assay on Vero cells. An unpaired Student's t test was used to calculate P values.
RESULTS
TorsinA wild-type overexpression impairs HSV-1 production in rat cells. TA function helps to maintain normal nuclear architecture and, as such, might either enhance or interfere with HSV replication. Thus, it seemed likely that overexpression of either TAwt or TAmut might impair or promote viral replication. To test this, we took advantage of rat PC6-3 clonal cell lines PC6-3TAwt and PC6-3TAmut that express human wild-type and dystonia mutant TA, respectively, under the control of a doxycycline (DOX)-inducible promoter (17, 32) . As shown previously, protein levels of the wild-type and mutant TA protein after induction with DOX were similar (data not shown) and were not affected by HSV-1 infection (Fig. 1A) , allowing us to interpret phenotypic differences in terms of differences in function rather than differences in expression. The rat endogenous TA is not detected. Single-step growth of HSV-1(F) was measured on PC6-3TAwt and PC6-3TAmut cells that were untreated or that had been induced by exposure to DOX (Fig. 1B) . HSV-1 production by uninduced TAwt or TAmut cells is similar. Induction of TAwt resulted in statistically significant inhibition of HSV-1 replication at all times after the eclipse phase (at 8 [P Ͻ 0.037], 16 [P Ͻ 0.023], and 24 [P Ͻ 0.007] hpi), decreasing virus peak titers roughly 5-fold. That this is not simply an overexpression artifact is demonstrated by overexpression of TAmut, which did not significantly affect HSV-1 peak titers.
To determine if TAwt overexpression interferes with early events in the virus life cycle (virus entry, gene expression, and DNA replication), we performed immunoblotting to measure accumulation of HSV-1(F) gene products in uninduced or DOX-induced PC6-3TAwt cells (Fig. 1C) . Comparable levels of HSV-1 late (VP5 and pUL34) and true late proteins (pUS11, gC, and gH) accumulate in mock-and DOX-treated cells. These data suggest that inhibition of virus growth is not due to global defects that precede late gene expression and is more likely due to defects in the assembly and egress phase of infection. Since TA is an ER-luminal ATPase possibly acting as a molecular chaperone (3, 4, 24, 33), we investigated the consequence of TA overexpression on processing and localization of viral glycoproteins. Western blot analysis showed no differences in band migration of five tested glycoproteins (gC, gD, gB, gH, and gL) in cells overexpressing TAwt (Fig. 1C) , indicating that the posttranslational modification of virus glycoproteins is not grossly affected. In addition, localization studies of gD, gB, gH, and gL using immunofluorescence (IF) showed no torsin-dependent change in localization of any of the tested glycoproteins (data not shown).
TorsinA wild-type overexpression leads to accumulation of virus-like vesicles (VLVs) in the cytoplasm. Alterations in TA protein levels or function were intuitively expected to influence nuclear egress. To test this possibility, DOX-induced or uninduced PC6-3TAwt and PC6-3TAmut cells were mock infected or infected with 10 PFU/cell of HSV-1(F) for 20 h and then examined by transmission electron microscopy (TEM) (Fig. 2) . Ultrastructural analysis of uninfected DOX-induced PC6-3TAwt cells revealed large, double-membrane blebs at the NE ( Fig. 2A , white arrowhead) in 5 out of 10 cells. These NE abnormalities caused by TAwt overexpression have been reported previously and are very similar to NE blebs observed in neurons from TA-null mice (19, 26) . Infection with HSV did not change the frequency of cells that formed NE blebs.
In Fig. 2B a typical section of HSV-1-infected PC6-3TAwt cells with capsids in the nucleus (black arrowhead) and mature virions on the cell surface (white arrowhead) is shown. In addition to numerous capsids ( Fig. 2Da ) and surface virions (Fig. 2Dd ), perinuclear virions (Fig. 2Db ) and mature virions in the cytoplasm (Fig. 2Dc) were also occasionally observed (Table 1 ). In infected cells that had been induced for TAwt overexpression, two striking differences were observed (Fig.  2C) . First, about 6-fold fewer mature virions were present at the cell surface (Table 1) , which is similar to the decrease in virus production observed in single-step growth. Second, novel structures that we named virus-like vesicles (Fig. 2C , white arrows) accumulated in the cytoplasm. We defined VLVs as circular membrane vesicles enclosing a capsid (Fig. 2Df , black arrow, and g) or undefined material (Fig. 2Df , gray arrow, and h) where the membrane had a sharp, electron-dense appearance and the diameter of an HSV virion. VLVs were observed in the perinuclear space (Fig. 2Df, arrows) and/or in the cytoplasm ( Fig. 2Dg and h ). Cytoplasmic VLVs were enclosed in a second, irregular membrane ( Fig. 2Dg and h ). VLVs were observed in 9 out of 10 cells examined, and their number varied from 1 to 29 per cell section. In infected rat cells overexpressing TAwt, cytoplasmic VLVs represent the major form (69%) of enveloped membranous virus particles. For comparison, cytoplasmic mature virions in uninduced cells correspond to 11% of total envelope virus particles. The sharp appearance of the VLV membrane closely resembles the envelope of a primary virion (Fig. 2D , compare b with g and h). Unlike primary virions, however, the vast majority of VLVs were found in the cytoplasm away from the nuclear membrane (Table 1) . That cytoplasmic VLVs were surrounded by an additional membrane raised the possibility that VLVs represent mature virions inside transport vesicles that were abnormally accumulating in the cytoplasm. The following comparisons suggested that VLVs did not correspond to mature virions: (i) the envelopes of VLVs lack the characteristic "fuzzy" appearance of mature virion envelopes (Fig. 2D , compare g and h with c, d, i, and j); (ii) VLVs were closely surrounded by an irregular, sometime tubular-shaped membranes while mature virions, on the other hand, were predominantly found inside large and hollow-appearing vesicles (Fig. 2D , compare g and h with c and i); (iii) VLVs were distributed throughout the cytoplasm (Fig. 2C ) while mature virions were predominately associated with a cellular compartment composed of distinct hollow membranous stacks (data not shown). In summary, the primary virion-like envelope of VLVs and their distinctiveness from mature virions strongly suggested that VLVs were a product of primary rather than secondary envelopment.
VLVs were not observed following infection of uninduced or DOX-induced PC6-3TAmut cells in 10 randomly examined cells, indicating that production of VLVs in these cells specifically requires overexpression of TAwt.
Since obvious capsids were not visible in more than half of VLVs (Table 1) , we asked if the formation of VLVs could be triggered in the absence of capsid envelopment by examining uninduced or DOX-induced PC6-3TAwt cells infected with VP5-null virus. In 10 randomly examined cells, we did not observe a VLV in VP5-null virus-infected cells overexpressing TAwt, indicating that VLV formation is capsid dependent.
Overexpression of torsinA wild type redistributes pUL34 into cytoplasmic puncta that colocalize with a capsid protein.
The TEM analysis led us to hypothesize that VLVs are abnormal primary virions mislocalized into cytoplasmic membranes. This hypothesis predicts that pUL34, which is a structural component of the primary but not the mature virion (14, 27, 31, 42, 45) , should also be redistributed from the nuclear rim to the cytoplasm in PC6-3 cells overexpressing TAwt but not TAmut. Furthermore, pUL34 mislocalization should be dependent on capsid formation, and there should be, to some extent, association between capsids and cytoplasmic pUL34. To test these predictions, PC6-3TAwt or PC6-3TAmut cells were mock or DOX induced for 14 h and then infected with 5 PFU/cell of HSV-1(F) or VP5-null virus. Sixteen hours after infection, cells were fixed in paraformaldehyde and permeabilized, and localization of pUL34 was determined by indirect immunofluorescence (IF) (Fig. 3A and B) . In uninduced PC6-3 cells infected with HSV-1 or VP5-null virus, pUL34 was localized to the nuclear rim. Additional fine reticular cytoplasmic pUL34 localization was observed in about half of the cells (Fig. 3Aa and c and Ba). In contrast, in cells in which TAwt expression was induced, pUL34 mislocalized to cytoplasmic puncta in about 40% of cells (Fig. 3Ad) . pUL34 puncta were not observed in TAmut-overexpressing cells (Fig. 3Af) , suggesting that the formation of pUL34 cytoplasmic puncta is specifically associated with functional torsinA overexpression. Redistribution of pUL34 was not due to global NE disruption because localization of another INM marker, lamin-associated protein 2 (LAP2), was unchanged in infected cells that had been induced to express TAwt (Fig. 3A, compare b and e) . In addition, cytoplasmic pUL34 puncta were rarely observed in VP5-null virus-infected cells (Fig. 4Bb) , indicating their dependence on capsid formation.
To test the prediction that mislocalized pUL34 puncta are associated with capsids, we took advantage of a recombinant HSV-1 BAC in which a monomeric RFP is fused to a small outer capsid protein (VP26). To determine if pUL34 puncta and cytoplasmic VP26 colocalize, uninduced or DOX-induced PC6-3TAwt cells were infected with rHSVBAC35R at an MOI of 5 for 16 h and then immunofluorescently stained to detect pUL34 (Fig. 3C) . Capsids visualized as RFP puncta (11) were easily detectable throughout both uninduced and DOX-induced rat cells ( Fig. 3Cb and d) . Under both experimental conditions there was considerable cell-to-cell variation in the number and distribution of capsids. Staining patterns for pUL34 expressed from rHSVBAC35R or HSV-1(F) were very similar (compare Fig. 3Aa and d and Ca and c). The majority of cytoplasmic pUL34 puncta that form in DOX-induced cells colocalized with RFP puncta (Fig. 3Cc to e) . Furthermore, pUL34 puncta did not colocalize at the cell periphery with RFP puncta, which most likely represent mature virions at the cell surface (Fig. 3Cc to e) . These data strongly suggested that structures detected as pUL34 puncta represent primary virions that abnormally accumulate in the cytoplasm. To estimate fractions of colocalizing pUL34 and RFP puncta, respectively, pUL34 and RFP puncta were counted in 14 DOX-induced cells that displayed pUL34 mislocalization ( Table 2 ). The great majority (90%) of cytoplasmic pUL34 puncta colocalize with RFP puncta, indicating that a much higher percentage of VLVs contain capsid proteins than anticipated from the TEM analysis. Quantification also showed that, on average, onethird of RFP puncta outside the nucleus did not colocalize with pUL34 puncta, indicating that the normal process of capsid de-envelopment at the NE still occurs to some extent in these cells (Table 2) . pUL34 immunogold labeling of virion-like structures in the cytoplasm of torsinA wild-type-overexpressing cells. Ultrastructural and immunofluorescence data cumulatively suggested that primary virions that contain pUL34 accumulate in the cytoplasm when TAwt is overexpressed. To further support this hypothesis, pUL34 immunogold labeling was performed on cryosections prepared from mock-or DOX-induced PC6-3TAwt cells that were infected with HSV-1(F) for 20 h (Fig. 4) . Cell preservation and pUL34 immunogold labeling of the nuclear rim are shown in Fig. 4A and B, respectively. Virions, with distinct darker cores, clearly defined membranous outer layers, and diameters of between 0.16 and 0.22 m, were rarely seen in the cytoplasm (Fig. 4Ca) but often on the cell surface (Fig. 4Cb ) of uninduced cells. Furthermore, no immunogold labeling of virions for pUL34 was observed in these cells. In TAwt-overexpressing cells, gold beads were observed near or inside cytoplasmic structures that resemble virions in size and in the appearance of the capsid and core (Fig. 4Da) . Surface virions that were occasionally detected in DOX-induced cells did not stain for pUL34 (Fig. 4Db) . This experiment thus verified the presence of pUL34-positive virion-like structures in the cytoplasm.
HSV-1 infection redistributes torsinA wild type into puncta that colocalize with pUL34 and a capsid protein. (Fig. 5A) . In uninfected cells TAwt was distributed in a fine reticular pattern in the cytoplasm (Fig. 5Aa) . Infection with HSV-1 caused TA to adopt a more punctate appearance in the cytoplasm or show a greater concentration at the nuclear rim in most cells (Ϸ90%) (Fig. 5Ac) . TAmut localization differed from that of TAwt in uninfected cells in that TAmut concentrated near the nuclear rim, and in cells that expressed exceptionally high levels, additional TAmut inclusions were observed in the cytoplasm (Fig. 5Ab) , as previously reported in these cells (17) . Infection with HSV-1 did not change TAmut localization (Fig. 5A, compare b and d) .
Formation of cytoplasmic TA puncta was dependent on pUL34 and VP5 expression since the TAwt puncta were not observed in cells infected with UL34-null or VP5-null virus (Fig. 5B ). This indicates that capsid primary envelopment is required for the formation of TAwt puncta in the cytoplasm. Infection with the deletion viruses did not, however, restore TAwt distribution to that of the uninfected cells because cells with an accumulation of TAwt close to the nuclear rim were still commonly observed (Fig. 5Ba and b) .
Merging images from DOX-induced PC6-3TAwt cells that were infected with rHSVBAC35R and immunofluorescently stained to detect TAwt and pUL34 (as shown in Fig. 3C) showed that more than 80% of TAwt puncta visibly overlapped with pUL34 and/or RFP puncta (Fig. 5C and Table 2 ). The extensive colocalization of TAwt with primary virions in the cytoplasm raised the possibility TAwt is associated with the primary virion and has a functional role in virion nuclear egress.
To ask if HSV-1 infection alters the accumulation and posttranslational modification of TA, uninduced or DOX-induced PC6-3TAwt cells were mock or HSV-1(F) infected for 12 h, and whole-cell lysate was immunoblotted for human TA. As seen in Fig. 5D , infection did not change the intensity or migration patterns of overexpressed human TA, indicating that infection does not affect TA protein levels or posttranslational modifications. TorsinA and torsinB overexpression interferes with the HSV-1 life cycle in 293T and Vero cells. To test if the HSV-1 growth defect in a rat neuronal cell line overexpressing TAwt was cell type specific, we measured virus production in 293T cells that were transfected to express GFP-tagged torsinA. Additionally, we also asked if overexpression of torsinB, whose function overlaps with TA function at the NE, has the same inhibitory effect on virus production as TAwt. The GFP-tagged versions of TA and TB have been shown to be functional and to localize properly (18, 25, 39) . For this experiment, 293T cells were transfected with GFP, GFP-TAwt, or GFP-TB and 24 h later infected with HSV-1(F) at an MOI of 5. Virus production was measured at 16 h after infection (Fig. 6A) . Overexpression of GFP-TAwt and GFP-TB significantly decreased virus production (P Ͻ 0.0001) compared to control levels, suggesting that the growth defect caused by TAwt overexpression is not restricted to rat neuronal cells and also that TB overexpression has a similar inhibitory effect on HSV-1 production.
To determine the fate of pUL34 in nonrat cells that overexpressed torsin, Vero cells were transfected with GFP, GFPTAwt, or GFP-TB and infected 24 h later with mock virus or HSV-1(F). Cells were assayed at 16 h for localization of GFP, GFP fusions, and pUL34 by IF (Fig. 6B) . As expected, HSV-1 infection did not significantly change GFP localization, except for the occasional appearance of GFP puncta in the nucleus (Fig. 6B, compare a and d) , and GFP expression did not alter the typical nuclear rim localization of pUL34 (Fig. 7Be) .
In uninfected Vero cells, GFP-TAwt was found at the nuclear rim and in a smooth reticular and punctate distribution in the cytoplasm (Fig. 6Bg) . In about 90% of transfected cells, GFP-TAwt was redistributed upon infection such that it was either found closer to the NE or it became more punctate in the cytoplasm (Fig. 6B, compare g and j) . As seen in PC6-3 cells, pUL34 formed cytoplasmic puncta in about 40% of the cells that expressed the TAwt construct. In addition, uneven pUL34 staining on the nuclear rim was commonly observed (Fig. 6 , compare e and k). Also similar to what was seen in PC6-3 cells, most pUL34 puncta also contained TAwt puncta (Fig. 6BlЈ) . Furthermore, when capsids were visualized by using the rHSVBAC35R virus, extensive colocalization between pUL34, RFP-VP26, and GFP-TAwt was observed (data not shown). These data imply that interference of TA normal function by overexpression leads to nuclear egress defects in multiple cells lines.
Distribution of GFP-TB is distinct from that of GFP-TA in Vero cells as GFP-TB is primarily found at the nuclear rim. At higher expression levels, additional aggregates are observed in the cytoplasm (Fig. 6Bm) . In infected cells redistribution of pUL34 due to GFP-TB expression is indistinguishable from that caused by GFP-TAwt expression (Fig. 6q) . Infection also changed the appearance of GFP-TB, which appeared punctate in the cytoplasm (Fig. 6Bp) . As seen in Fig. 6rЈ, pUL34 and GFP-TB puncta partially colocalize, thus further supporting the idea that overexpression of these two torsin homologs has the same consequences for the HSV-1 life cycle. pUL34 puncta colocalize with an ER marker. Primary virions that form in the perinuclear space do not normally enter the ER lumen, despite the continuity of these two compartments. TA is a fully translocated ER protein with biochemical properties of a peripheral protein that shows extensive colocalization with common ER markers (5, 15, 25) . Colocalization of TAwt with pUL34 led us to hypothesize that primary virions are found in the ER when TAwt is overexpressed or, alternatively, that HSV infection might change the normal TAwt distribution. To distinguish between these two possibilities, Vero cells, chosen because of their large cytoplasms, were transfected with GFP-TAwt and RFP-KDEL (RFP fused to a classical ER retention signal) and mock infected or infected (Fig. 7) . In uninfected Vero cells, the ER compartment revealed smooth to punctate localization of GFP-TAwt and RFP-KDEL, as shown in Fig. 7Aa and b, respectively. While both proteins follow very similar patterns of distribution, local areas of concentration of each protein only occasionally coincide (Fig. 7Ac) , indicating that these two proteins preferentially accumulate in different parts of the ER. This remains true in HSV-1-infected cells, where TAwt and RFP-KDEL still show very similar distribution patterns (Fig.  7Ba to c) but where local areas of concentration still do not coincide (note numerous individual red and green puncta in the merged image in Fig. 7BaЈ ). The same localization pattern is observed for pUL34 (Fig. 7Bc to e) , whose cytoplasmic distribution extensively overlaps that of RFP-KDEL (note magenta indicating colocalization in Fig. 7Be ), but local concentrations (puncta) of RFP-KDEL and pUL34 generally do not colocalize. This is unsurprising since no specific association is expected between primary virions and RFP-KDEL. These data suggest that pUL34 puncta reside within the ER compartment.
DISCUSSION
The effect of TA overexpression on TA function. Overexpression of a wild-type protein can perturb its function by either increasing or inhibiting its normal function. Functional enhancement has been observed with some enzymes, transcription factors, and chaperones. Examples of proteins whose function is inhibited by overexpression include Rab11-Fip2, TSG101, and Rip11 (10, 16, 57, 61) , and while the mechanisms are not always known, one could imagine a scenario in which overexpressed wild-type protein may disrupt its own function by sequestering and/or relocalizing its binding partner(s). TA is a multifunctional protein for which different activities are affected differently by overexpression. For example, overexpression of TAwt was found to inhibit formation of protein aggregates, to reduce an induced ER stress response, and to enhance protein processing through the secretory pathwayeffects suggesting enhancement of TA chaperone function (3, 6, 8, 20, 23, 29, 33, 51, 58) . On the other hand, at least one of TA functions is disrupted by its overexpression. Blebs at the NE observed in neurons when TAwt was overexpressed or when TA was absent appeared very similar, suggesting that overexpression negates a TA function important for maintaining normal nuclear architecture (19, 26) .
We cannot say whether the inhibition of de-envelopment and mislocalization of primary virions observed here are due to enhancement or inhibition of TAwt function. We observed blebbing of the nuclear envelope ( Fig. 2A ) similar to that seen in neurons that cannot express TA. This suggests that at least one TAwt function is inhibited, and our phenotypes might be explained by TAwt sequestering cellular or virus components essential for primary virion de-envelopment. However, the vi- ral replication, de-envelopment, and virion mislocalization phenotypes we observed were induced by expression of wildtype but mot mutant TA. This suggests that these phenotypes depend upon TA activity and might result from enhancement of a novel TA function that negatively regulates fusion of the perinuclear virion envelope with the ONM. Origin and location of VLVs. Three considerations suggest that the VLVs observed by TEM are the same structures as the cytoplasmic UL34 puncta observed by immunofluorescence: (i) structures appear in TAwt, but not TAmut overexpressing PC6-3, (ii) both structures show the same dependence on capsid protein expression, and (iii) UL34-containing virion-like structures are found in the cytoplasm in immunogold labeling with TEM. That VLVs are virions is suggested by their size and the presence of morphologically discernible capsids or VP26 puncta in TEM or immunofluorescence assays, respectively. Despite their clear dependence on capsid protein expression, capsids were indistinct or not visible in more than half of the VLVs observed in TEM ( Table 1 ). The association of the vast majority (90%) of pUL34 puncta with a capsid protein (RFP-VP26) ( Table 2 ) suggests, however, that more VLVs contain capsids than anticipated by the TEM analysis. The difficulty in visualizing capsids in VLVs might be due to the internal environment of VLVs, which may differ from that of normal primary virions in a way that either masks or destabilizes the organization of capsids. Whether the remainder of pUL34 puncta (about 10%) that do not obviously associate with RFP-VP26 actually do not contain a capsid or for some reason do not associate with the RFP-tagged capsids protein is unclear and difficult to address.
Ordinarily, the only enveloped virion structures in the cytoplasm are mature virions that have undergone secondary envelopment and are in envelopment or transport compartments. VLVs, however, are clearly distinct from mature virions and have characteristics typical of primary virions derived from envelopment at the INM. First, the envelope of mature virions has a characteristic fuzzy appearance in TEM due to the presence of virion envelope proteins projecting from the exterior of the membrane, whereas primary virions have a sharp, electrondense membrane. The VLV membrane is typical of primary rather than mature virions (Fig. 2D , compare panels g and h with b or c and i). Most important, primary virions are distinguished biochemically by the presence of the viral pUL31 and pUL34 proteins, which are absent from mature virions and from most cytoplasmic membranes (14, 27, 31, 42, 42, 45) . The concentration of pUL34 in VLVs strongly suggests that these structures are primary virions that are localized in cytoplasmic membranes.
The number of VLVs greatly exceeds the number of primary perinuclear virions seen in cells that do not overexpress TAwt (Table 1) . Accumulation of VLVs thus suggests that de-envelopment of these particles is inhibited and that normal TA function may be required for efficient de-envelopment fusion. Inhibition of de-envelopment has also been observed in cells infected with viruses that fail to express either pUS3 or both gB and gH (13, 28, 45) . In these cases, however, the accumulated primary virions are found in an expanded perinuclear space (for gB/gH deletion) or in a space created by invagination of the INM (for US3 deletion). Neither in wild-type infection nor in either of these deletions are structures resembling primary virions found in cytoplasmic structures like VLVs.
In electron micrographs, cytoplasmic VLVs were surrounded by an additional membrane ( Fig. 2Dg and h ). The origin of the outer membrane is unclear, but the following observations lead us to hypothesize that the membrane might derive from the ER: (i) the outer membrane of VLVs has an irregular, sometimes tubular shape (Fig. 2Dh) , (ii) perinuclear VLVs were observed between perinuclear space and what appears to be an ER tubule (data not shown), (iii) in the cytoplasm pUL34/RFP-VP26 puncta colocalize with TAwt puncta (Fig. 5C) , which is an ER luminal protein, and it appears to remain in the ER after HSV-1 infection (Fig. 7) , and (iv) UL34/TAwt puncta show the same distributions as ER membranes in infected cells (Fig. 7B) . Normally, primary virions do not enter the ER lumen despite the continuity of the perinuclear space and the ER lumen. The reasons for this are not clear, but it appears that the ER luminal compartment is somehow closed to primary virions. This apparently remains true when de-envelopment fusion is inhibited by deletion of pUS3 or gB and gH. The presence of VLVs in the ER lumen when normal TA function is disrupted by overexpression raises the possibility that normal TA function is required for exclusion of perinuclear virions from the ER lumen.
The extensive colocalization of TA with pUL34 and a capsid protein in cytoplasmic puncta in cells that overexpress TAwt and the dependence of TA/pUL34 colocalization on capsid envelopment raise the possibility that TAwt is physically associated in these cells with the inner membrane of VLVs (i.e., the membrane equivalent to the perinuclear virion envelope). This association is unlikely to result from direct interaction with pUL34 since the ER luminal extension of pUL34 consists of only a few amino acids (52) . More likely, TAwt associates with the extracellular/luminal domain of viral or cellular proteins inserted into the primary virion envelope. For the virus, these proteins include at least gD, gM (1, 55) , and possibly gB (59) . The presence of gH in the perinuclear virion has not been demonstrated biochemically but is likely, given its role in deenvelopment fusion in HSV. Since our results suggest that normal TA function is required for de-envelopment fusion, it is tempting to speculate that TA association with proteins of the viral fusion apparatus might be important for this function.
Collectively, our studies suggest the model depicted in Fig.  8 . Normally during HSV-1 infection, capsids become enveloped at the INM, forming short-lived primary virions in the perinuclear space. Overexpression of TAwt impairs the deenvelopment of primary virions, possibly by inhibiting their fusion with the ONM and opening the ER lumen to these particles, where they become trapped in ER tubules and are unable to mature and egress from the cell. It is also possible that primary envelopment proceeds normally, and capsids form VLVs by enveloping into a TAwt/pUL34-modified cytoplasmic membrane. This model could explain cytoplasmic VLVs but not the presence of perinuclear VLVs.
TA is thought to participate in organization of the NE through at least two pathways. In one pathway, TA interacts with the INM transmembrane lamin-associated protein 1 (LAP1), and disruption of the TA-LAP1 pathway leads to abnormal invaginations of the INM into perinuclear space (19, 26) . Interestingly, in a second pathway, TA was shown to bind VOL. 85, 2011 ROLE FOR TORSINA IN HSV NUCLEAR EGRESS 9677 nesprin-3␣ and as such may regulate Sun-nesprin interactions, which are thought to contribute to uniform perinuclear spacing (9, 40, 60) . One possible interpretation of our results is that perinuclear virions produced in a normal infection are unable to enter the ER lumen because their movement in the perinuclear space is sterically restricted by interactions between Sun and nesprin proteins. Interference with torsin function may disrupt these interactions, thereby liberating the perinuclear virions for movement through the perinuclear space to the ER. Our results, then, suggest two novel functions of torsin family members at the NE: regulation of membrane fusion and regulation of the transition from perinuclear space to ER lumen. Our study also shows that HSV infection provides a uniquely useful window into functions for torsin family members.
